The dielectric properties of blood are extremely important for electromagnetic medical applications such as imaging, hyperthermia and ablation. The aim of this paper is to investigate the dielectric properties of human blood and examine the effects of anti-coagulant agents over a broad frequency range. The measurements were performed using freshly extracted human blood samples with and without the added agents. The measurements were performed within 20 mins after extracting the blood sample. The obtained results demonstrate a significant variation between the dielectric properties of blood with and without anti-coagulant agents. The difference is larger in conductivity than in relative permittivity. The results also demonstrate clear variation in the dielectric properties of female and male blood samples. The findings in this paper suggest that measurements conducted on blood samples with the added agents may not represent the natural in-vivo and inter-patient variations in blood properties. In order to have an accurate representation of in-vivo blood dielectric properties, all factors should be considered carefully.
INTRODUCTION
Blood is a highly functional complex body fluid that serves as the principal transport medium of the body. It delivers oxygen, nutrients, vitamins and metabolites to vital parts of the body and as such is a fundamental part of the immune system. The dielectric properties of blood are extremely important for various medical applications, such as microwave imaging, hyperthermia and ablation [1] [2] [3] [4] [5] [6] . These properties reveal various dynamic processes. Moreover, reliable measurement and determination of safe limits for electromagnetic energy absorption by human body is not possible without precise knowledge of dielectric properties of blood [7, 8] .
A number of research studies have been performed on the dielectric properties of blood [9] [10] [11] [12] [13] . Most research has addressed only limited aspects including electrical impedance, erythrocyte suspension, polarization effect, and haematocrit dependency [14] [15] [16] [17] [18] [19] [20] [21] [22] . Furthermore, most of the studies have been performed using blood containing anticoagulant agents from blood banks. So far, the most cited broadband spectra of blood covering several dispersion regions are by Gabriel et al. [23] , taken at 37 o C, which is commonly used for specific absorption rate (SAR) calculations and medical purposes. However, the available data is limited in scope and there are are still many unclear aspects of the dielectric properties of blood. This paper aims to investigate the effects of anti-coagulant agents on the relative permittivity and conductivity of human blood over a broad frequency range.
Methodology

Experimental System
The measurements were performed using the commercially available slim form probe from Keysight Technologies over the frequency range of 400 MHz -20 GHz with 100 frequency points. The 85070E dielectric probe kit was connected to the Rohde & Schwarz ZVA50 vector network analyser (VNA). Three blood sample tubes (all standard vacuum tubes) were selected for the measurements: one without any added agents (i.e., containing pure blood) and two with different anti-coagulant agents (EDTA and sodium citrate). All measurements were conducted at a constant temperature of 37 o C without moving the probe or the cable. A water bath, a specialized beaker, and a water pump were used to maintain a constant temperature. A customized stand was used in the set-up to support the samples inside the beaker.
Acquisition of blood samples
Blood samples were collected from four different volunteers: one female and three males, in line with local ethical guidelines. For each sample, the three tubes were filled and were immediately placed in the beaker to maintain them at body temperature.
Dielectric measurements
Three measurements were performed at each instance using each blood sample tube and averaged to constitute one measurement. The measurement system was calibrated with a short circuit, open circuit and standard material (de-ionized water). The calibration was validated using 0.9% NaCl prior to conducting measurements for each volunteer's blood sample. The probe was cleaned using alcohol wipes after each measurement. The measurements using each volunteer blood sample were performed within 20 minutes of extraction from the body.
Results
The relative permittivity and conductivity of the female blood sample with and without the anticoagulant agent are shown in Fig. 1 . The figure shows that the relative permittivity values of blood with the two anti-coagulant agents are close to each other but clearly vary from relative permittivity of pure blood with an overall average percentage difference of 8.67%. The average percentage difference in conductivity is 11.29%. The variation is not clearly visible in Fig. 1 (b) because the conductivity values are quite small at low frequencies.
The relative permittivity and conductivity mea- surements of all three male blood samples are illustrated in Fig. 2 . The relative permittivity of three male blood samples without the anticoagulant agent has an overall average percentage difference of 14.87% between the samples. The variation indicates that relative permittivity of human blood is highly dependent on patient. The average difference for conductivity is larger, with a value of 18.81%. The figure shows that the dielectric properties of blood samples with EDTA are close to each other but are not an accurate representative of pure blood properties. The figure also shows that the dielectric properties for sodium citrate vary for different blood samples. Fig. 3 shows the dielectric properties of a female and a male blood sample without any anticoagulant agent. The figure shows an inter-gender average percentage difference of 17.52% in relative permittivity and 25.09% in the conductivity of pure blood. The results are summarised in Table 1 . 
Conclusion
In this paper, dielectric measurements were performed and investigated using freshly extracted human blood samples from four different volunteers, one female and three males, over the frequency range of 400 MHz to 20 GHz in order to examine the effects of anti-coagulant agents. The blood sample from each volunteer was placed into three blood sample tubes (all standard plastic vacuum tubes): one without any added agent, i.e. containing pure blood, and two with different anticoagulant agents (EDTA and sodium citrate). The obtained results demonstrate a significant variation between the dielectric properties of blood with and without anti-coagulant agents. The difference is larger in conductivity than in relative permittivity. Further, there is a clear variation in the dielectric properties of female and male blood samples. The results also demonstrate that the dielectric properties differ between different blood samples with same anti-coagulant agent. The investigation in this paper suggests that there are various factors, including the gender and added agents, that affect the dielectric properties of blood and all of these factors should be considered carefully in order to have an accurate representation of in-vivo blood dielectric properties. This research study promises to be a stepping stone towards achieving more accurate dielectric properties of pure human blood, thereby supporting the design and development of microwave imaging and therapeutic devices.
